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Abstract: The efficient amplification and lasing of electromagnetic radiation at terahertz (THz) frequencies is a non-
trivial task achieved mainly by quantum cascade laser configurations with limited tunability and narrowband 
functionality. There is a strong need of compact and efficient THz electromagnetic sources with reconfigurable 
operation in a broad frequency range. Photoexcited graphene can act as the gain medium to produce coherent radiation 
at low THz frequencies but its response is very weak due to its ultrathin thickness. In this work, we demonstrate an 
alternative design to achieve efficient tunable and compact THz amplifiers and lasers with broadband operation based 
on active THz hyperbolic metamaterials (HMM) designed by multiple stacked photoexcited graphene layers separated 
by thin dielectric sheets. The hyperbolic THz response of the proposed ultrathin active HMM is analytically and 
numerically studied and characterized. When the graphene-based HMM structure is periodically patterned, a 
broadband slow-wave propagation regime is identified, thanks to the hyperbolic dispersion. In this scenario, 
reconfigurable amplification of THz waves in a broad frequency range is obtained, which can be made tunable by 
varying the quasi-Fermi level of graphene. We demonstrate that the THz response of the presented tunable THz 
amplifiers or lasers is controlled by the incident optical pumping (photodoping) and the loaded dielectric materials in 
the HMM waveguide array, an interesting property that can have great potential for THz amplification, emission, and 
sensing applications.   
 
1. Introduction 
Hyperbolic metamaterials (HMM) [1] are anisotropic and uniaxial artificial engineered electromagnetic materials. 
They have recently attracted intense scientific interest and became popular for engineering and controlling the 
propagation, scattering, and radiation of light. To date, HMMs have been exploited in a variety of applications, such 
as negative refraction [2–5], superlensing [1], biosensing [6], super absorbers [7], energy harvesting [7–10], and 
enhancement of spontaneous emission [11–13] or Purcell effect [14]. Several additional applications of HMM 
substrates have been discussed in [15]. The two common categories of HMM are composed of either metal-dielectric 
multilayers or metallic nanorod arrays [1], which can be readily fabricated by chemical vapor deposition (CVD) or 
electrochemical techniques. Metals play an important role in these configurations, as they provide the desired 
plasmonic behavior which leads to negative permittivity at optical frequencies, crucial for achieving the hyperbolic 
dispersion.  
Graphene is a typical two-dimensional (2D) nanomaterial [16] made of a single layer of carbon atoms arranged 
into a hexagonal lattice. It is expected to replace metals at THz and infrared (IR) frequencies, as the crucial building 
element of photonic devices, due to its relatively low loss plasmonic response and tunable performance at this 
frequency range. In addition, the CVD-grown graphene monolayer can be an effective building block of layered 
structures, such as HMMs and metasurfaces [17–23]. More interestingly, the complex conductivity of graphene, and, 
as a result, the HMM dispersion, can be tuned as a function of its chemical potential (Fermi energy) over a wide 
spectrum range [17,24–29], making graphene-based HMM or other metasurfaces to exhibit interesting reconfigurable 
properties at THz and IR frequencies. Owning to its low density of states, graphene’s Fermi energy can be readily 
tuned via electrostatic gating or chemical doping. In the case of photoexcited graphene, since the relaxation time of 
intraband transitions is much shorter than the recombination time of electron-hole pairs [30], population inversion can 
be achieved [31,32]. For a sufficiently strong photoexcitation, THz amplification or gain can be obtained due to the 
cascaded optical-phonon emission and the interband transition around the Dirac point. In this nonequilibrium scenario, 
the  real part of the dynamic conductivity of graphene becomes negative [31–38]. 
However, graphene monolayers are one-atom thick and cannot strongly interact with the incident excitation wave, 
leading to poor gain efficiency. In addition, tunable and high power coherent electromagnetic radiation sources at low 
THz frequencies are very limited [39]. Typically, quantum cascade lasers are used as coherent sources in this 
frequency range but they suffer from poor tunability, leading to narrowband operation, and a complicated bulky design 
[40]. In this paper, we theoretically propose an alternative tunable and compact THz laser, operating in a broad 
frequency range, based on periodically-patterned graphene-based HMM that are photoexcited by IR/visible pump 
light. The proposed graphene nanostructure supports slow-light propagation and a nearly-zero energy velocity at THz 
frequencies, combined with broad frequency tunability. The THz gain of the photoexcited graphene can be boosted in 
the slow-wave regime, due to the light trapping effect in the proposed patterned graphene-based HMM configuration 
[9]. The proposed device has an extremely subwavelength thickness, making it an ideal candidate to be used as a 
compact THz source in the envisioned THz on-chip integrated photonic circuits. 
The paper is structured as following. In section 2, we discuss the negative conductivity of graphene at the THz 
regime (THz gain) and its tunable properties. By using the effective medium approximation (EMA) [41,42], we 
demonstrate that the hyperbolic dispersion is obtained for the optically-pumped graphene-based HMM. In section 3, 
we analytically study the enhanced THz lasing effect of the proposed active THz HMM, patterned into waveguide-
array structures. In section 4, we present full-wave simulation results to validate the analytical model and to optimize 
the THz lasing effect via a detailed parametric study. In section 5, we propose a potential application of the presented 
active HMM in high-resolution and high quality-factor (Q-factor) THz sensing. Finally, we draw conclusions in 
section 6.  
  
2. Hyperbolic metamaterials with active and passive graphene layers 
When a graphene monolayer is optically pumped, the electron-hole pairs split the Fermi level into two quasi-Fermi 
levels Fn FE   and Fp FE   , respectively, as shown in Fig. 1(a). In this case, the dynamic conductivity of graphene 
can be modeled by using the nonequilibrium Green’s functions described by [43]: 
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Fig. 1. (a) Schematic of the terahertz gain coherent response by an optically pumped graphene monolayer. (b) Frequency 
dispersion of the real and imaginary parts of the graphene conductivity with (pumped) and without (passive) optical 
photoexcitation. Inset: Schematic of the optically pumped graphene process. (c) Computed reflectance and transmittance in 
dB versus frequency for a graphene monolayer with (pumped) and without (passive) optical photoexcitation under normal 
incident TM polarized wave excitation. 
 
is the relaxation time of charge carriers. The first term of the formula represents the contribution of the intraband 
transition and the second part represents the contribution of the interband transition. Without optical excitation, a 
graphene layer can be modeled by the local surface conductivity formula [20,44]: 
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where ( ) ( ) 1( ) [ 1]F BE k TDf e
     is the Fermi-Dirac distribution, and FE  is the Fermi energy or doping level in the 
passive graphene case. Figure 1(b) demonstrates the calculated frequency dispersion of the real-part conductivity 
Re[ ]  for a graphene monolayer with and without optical pumping (i.e., photodoping) at a temperature of 77 K. 
Negative real conductivity over a broad frequency range is obtained when the graphene monolayer is pumped with 
quasi-Fermi level equal to 50 meV, as can be seen in Fig. 1(b) (solid black line). On the other hand, the unpumped 
(passive) graphene monolayer exhibits positive real conductivity at the same temperature and frequency range [Fig. 
1(b), solid blue line]. Reducing the temperature can increase the absolute value of the negative real conductivity in 
the pumped case, and vice versa. The negative conductivity and the effect of THz gain disappear at high temperatures. 
The reflectance and transmittance of both pumped and unpumped cases of monolayer graphene are plotted in Fig. 
1(c). They are found to have almost identical values with unitary transmission and low reflection along a broad 
frequency range. This is because a single graphene monolayer does not interact strongly with the incident THz 
radiation, even if it is photoexcited, mainly due to its ultrathin thickness.  
To increase the light-matter interaction, we investigate a multilayer HMM composed of clustered graphene 
monolayers and dielectric sheets, schematically depicted in the inset of Fig. 2(a). By applying the EMA theory, this 
structure can be modeled as an anisotropic uniaxial medium, whose effective relative permittivity 
eff  can be 
expressed in a tensor form: ˆˆ ˆˆ ˆˆ( )eff t zxx yy zz      [1]. The transverse relative permittivity t  is given by: 
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    [20,41], where d  and d are the permittivity and thickness of each dielectric layer, and 
  is the conductivity of graphene given by either Eq. (1) or (2). The longitudinal relative permittivity z  is equal to 
d  since graphene has negligible thickness compared to the dielectric layers. For both active and passive graphene 
monolayers, the hyperbolic dispersion is obtained at certain frequencies, where the real part of the transverse effective 
permittivity 't  is negative, while z  is always positive. Note that only transverse magnetic (TM) polarized waves 
can exhibit hyperbolic dispersion, as reported in [20].  
 
 
Fig. 2.  (a) Real and (b) imaginary parts of the effective transverse relative permittivity t t tj      of the pumped and 
unpumped graphene HMM multilayer structure with a schematic shown in the inset. The graphene layers are seperated by 
dielectric slabs with equal thicknesses d and permittivities d . (c) Computed reflectance and transmittance in dB versus 
frequency of the HMM based on active (pumped) and passive graphene layers under normal incident TM polarized wave 
excitation.  
Figures 2(a,b) represent the real and imaginary parts of the effective transverse relative permittivity, respectively, 
for the THz HMM made of graphene, shown in the inset of Fig. 2(a), with 2.2d   and 0.1d  µm. Since graphene 
is transparent to the near-IR and visible pump waves, without loss of generality, we assume that each graphene 
monolayer is uniformly photodoped to have the same quasi-Fermi level. Figure 2(b) shows that the photopumped 
graphene-based HMM has a negative imaginary part of the effective transverse relative permittivity ''t  (gain) over 
a broad frequency range, where 't  and z  have opposite signs (i.e., hyperbolic dispersion). Figure 2(c) presents the 
simulated transmittance (dashed lines) and reflectance (solid lines) for the graphene-based HMM, composed of 10 
graphene sheets separated by 0.1 µm-thick silica ( 2.2d  ). Low transmittance is obtained in the hyperbolic-
dispersion region for both passive (e.g., for frequencies < 8.1 THz) and active (for frequencies < 11.2 THz) graphene 
HMMs. On the contrary, high transmittance is obtained in the elliptical-dispersion region for both cases. It is evident 
from Fig. 2(c) that the active graphene HMM can exhibit a transmittance greater than one or, effectively, negative 
absorptance, also known as gain. Nonetheless, the THz gain response of this device is still rather weak, although 
stronger compared to the interaction in the case of monolayer graphene, as was shown in Fig. 1(c). To significantly 
enhance the THz lasing effect of graphene, in the following we investigate a patterned graphene-based HMM 
configuration. 
 
3. THz amplification using photoexcited patterned graphene-based hyperbolic metamaterials 
In this section, we study a patterned graphene-based HMM with schematic shown in Fig. 3(a), which supports slow-
wave modes in the THz region. Slowing light may promote stronger light–matter interaction and, as a result, boost the 
amplification of THz waves. The proposed slow-wave HMM structure is built by a periodic array of air-HMM-air 
waveguides. The dispersion relationship between angular frequency   and the propagation constant   is derived by 
using the transverse resonance method [10], [45] with suitable periodic boundary conditions. After some mathematical 
manipulations, it is given by the formula:  
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0''k k  , and 0k  is the free-space wave number. Note that z  and t  are 
respectively the effective longitudinal and transverse permittivity of the proposed multilayered HMM structure 
presented in the previous section, after being modeled as a homogeneous uniaxial anisotropic medium by using the 
EMA theory. The height of the proposed multilayered structure is not considered in the dispersion relationship given 
by Eq. (3). Only the effective permittivity and volume fraction is important in the derivation of this dispersion 
equation, since the height of the proposed structure is extremely subwavelength. The dispersion diagram of the 
proposed structure is plotted in Fig. 3(b), showing that the slow-light effect can be achieved, with a near-zero group 
velocity (i.e., / 0g      ) at the design frequency ( 7.5 THzf  ). Note that the slow-light regime can only be 
achieved with the structure shown in Fig. 3(a) and this response can only be proven by analytically computing its 
dispersion equation. In this scenario, the incident electromagnetic radiation can be efficiently trapped and amplified 
by the proposed THz active plasmonic structure, resulting in a strong THz lasing effect. It is worth mentioning that 
the frequency of the near-zero group velocity can be tuned by several factors, including: (i) the quasi-Fermi level of 
graphene, (ii) the geometry of the HMM (e.g. periodicity, trench width, and insulator thickness), and (iii) the dielectric 
material that constitutes the HMM. In addition, it is interesting that the thickness of the proposed THz lasing device, 
which is composed of only 10 patterned graphene sheets stacked between dielectric layers (Fig. 3(a)), is deeply-
subwavelength 1 10 1 m 3µ 0d t     , where t = 0.1 µm. This is another major advantage of the proposed device 
towards its integration in THz on-chip circuits.  
 
Fig. 3. (a) The proposed patterned HMM structure composed of N = 10 patterned graphene sheets stacked between dielectric 
layers. P is the period of the device, W is the width of the air slots, and t is the thickness of each dielectric spacer layer. (b) 
Dispersion diagram of the proposed structure. In this case, the dimension parameters are P =1.9 µm, W = 0.5 µm, t = 0.1 µm 
and the quasi-Fermi level of the pumped graphene is 50 meV.  
 
Figures 4(a,b) demonstrates the analytical results, computed by using the transmission line model [46] shown in 
Fig. 5(a), of the reflectance and transmittance, respectively, versus the frequency of the proposed patterned graphene 
HMM and different quasi-Fermi levels. We find that large forward and backward scattering can be obtained at the 
lasing point, which coincides with the zero-velocity point. For instance, if the quasi-Fermi level of each graphene is 
pumped to 50 meV, the lasing peak is obtained at 7.5 THz, agreeing very well with the results presented in Fig. 3(b). 
It is interesting to note that the lasing peak can be tuned over a wide range of frequencies by varying the quasi-Fermi 
level of graphene, which can be readily achieved by controlling the intensity of IR or visible pump light. The maximum 
THz output power is obtained at 5.34 THz, as seen in Fig. 4. This can be explained by using the transmission line 
model [46] shown in Fig. 5(a). The input impedance inZ  at the air/HMM interface is given by: 
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Note that the subwavelength height 1d  of the proposed structure is included in the transmission/reflection calculations. 
It can be derived from Eq. (5) that if 0inZ Z  , the transmittance and reflectance of the structure become infinity, 
provided that the effects of nonlinearity and saturated gain in graphene are negligible. This is clearly depicted in Fig. 
5(b), where at the frequency point of 5.34 THz and for 27 meVF  , the optimum lasing condition can be achieved, 
i.e., 0Re[ ]inZ Z   and Im[ ] 0inZ  . 
 
 
Fig. 4. (a) Reflectance and (b) transmittance in dB computed as a function of the incident frequency and quasi-Fermi level 
of the THz slow-wave HMM graphene structure shown in Fig. 3(a) with geometrical parameters P = 1.9 µm, W = 0.5 µm, 
and t = 0.1 µm.  
 
 
 Fig. 5. (a) Transmission line model used to analyze the structure shown in Fig. 3(a). The source impedance is 0SZ Z , 
where 0Z  is the free space impedance, inZ  is the input impedance, 1Z  is the characteristic impedance of the proposed 
HMM structure,   is the effective propagation constant, and 1d  is the total thickness of the proposed device. (b) Real and 
imaginary parts of the input impedance computed by the transmission line model. (c) Computed absolute values of the 
transfer matrix elements 11M  and 22M . In all these cases, the quasi-Fermi level is fixed to 27 meV leading to the lasing point 
shown in Fig. 4. 
We also use the transfer matrix method to analyze the presented lasing phenomenon. The transfer matrix that 
connects the fields between the output and input waves is defined as 
i oE M E , where the subscripts ‘o’ and ‘i’ 
refer to the electric fields at the output and input surfaces, respectively. The relationship between the elements of the 
transfer and scattering matrices is described by [47]: 
11 21 22 11 12/ ,M S S S S   12 22 12/ ,M S S  21 11 12/ ,M S S   
22 121/ .M S  If the ports 1 and 2 are defined as the excitation and output ports, respectively, 21S  and 11S  represent 
the transmission and reflection coefficients of the proposed structure. Note that 
21 12S S  and 11 22S S  since the 
current configuration is symmetric and reciprocal. Figure 5(c) clearly demonstrates that 
22 0M   at 5.34 THz, which 
means that the transmission is very high at this frequency point.  
 
4. Simulation results 
To verify our analytical results, we calculate the gain response of the proposed structure by using COMSOL 
Multiphysics [48], a finite element method (FEM)-based commercial software that solves Maxwell’s equations and 
computes the reflection and transmission coefficients. Graphene is modelled as a surface current during all our 
simulations, instead of a bulk permittivity, because this a more accurate and less computationally intensive way to 
simulate 2D ultrathin materials. The gain coefficient is calculated from the reflectance and transmittance by using the 
formula: 2 2
11 211 | | | |Gain S S   . Note that this formula can be used to compute either gain 
2 2
11 21(| | | | 1)S S   or 
absorptance 2 2
11 21(| | | | 1)S S   responses and always 1Gain  . The gain coefficient has negative values when 
lasing is achieved and positive values when absorption is dominant. Hence, THz lasing or amplification is always 
obtained for negative gain values. For the actual calculation of gain values at the divergent points, nonlinear effects 
stabilizing the lasing should be taken into account, which are out of the scope of the current work and will be 
considered in the future. Figure 6(a) demonstrates the comparison of the computed gain coefficient obtained by 
simulations (black dashed line) and the presented in the previous section analytical transmission line method (red solid 
line) when the quasi-Fermi level is fixed to 50 meV and for the same patterned HMM configuration. The results match 
very well and the minor resonance frequency shift between the two modeling methods is attributed to the usual 
limitations of the numerical modeling method due to the used finite size mesh. An excellent agreement exists between 
the frequency point where the maximum gain is obtained in Fig. 6(a) and the near–zero group velocity frequency 
range demonstrated before by the dispersion diagram in Fig. 3(b). To further analytically demonstrate  and verify the 
obtained lasing effect, we plot the 
22M  coefficient versus the incident frequency and quasi-Fermi level, as shown in 
Fig. 6(b), where the used parameters are the same with the results presented in Fig. 6(a). We find that 
22M  takes close 
to zero values for a 50 meV quasi-Fermi level, exactly at the gain resonance frequency shown in Fig. 6(a). 
Interestingly, 
22M  has close to zero values across a broad frequency range, demonstrating the tunable response of 
the proposed device that can lead to THz lasing performance in a broad frequency range. The lasing response 
demonstrated by the computed 
22M  coefficient agrees very well with the transmittance spectrum shown before in 
Fig. 4(b), as it is expected.       
 
Fig. 6.  (a) Simulation and analytical results of the computed gain coefficient in dB of the proposed slow-wave graphene 
HMM structure. (b) The absolute value of the 22M  coefficient as a function of the incident frequency and quasi-Fermi level. 
In both captions, the dimension parameters are fixed to P = 1.9 µm, W = 0.5 µm, t = 0.1 µm. The quasi-Fermi level of the 
pumped graphene is fixed to 50 meV in caption (a). 
Figures 7(a, b) prove that the period and width of the graphene sheets and air slots, respectively, have distinct 
effects on the amplification of the THz waves. The gain is presented in dB scale and computed by 
10( ) 10log (| |)Gain dB Gain  (Fig. 7) in order to clearly demonstrate the variation of the gain peak value combined 
with the lasing frequency shift as a function of the geometrical structure parameters and quasi-Fermi level. We fix the 
graphene quasi-Fermi level to 50 meV and the air width to 0.5um and a dominant gain peak is reported in Fig. 7(a) 
for P = 2.1 µm. This can also be explained by the lasing relationship between input impedance and free space 
impedance obtained by the transmission line model, demonstrated before in section 3. Similarly, the gain reaches a 
peak for the air slot width value W = 0.5 µm when the period is fixed to P = 2.1 µm and the result can be seen in Fig. 
7(b). Strong frequency shift in the resonant THz lasing response of the proposed structure is obtained when its 
geometrical parameters vary. Finally, we have checked that the proposed structure will also exhibit lasing in a more 
practical scenario, when it is surrounded by a dielectric substrate and superstrate (see more details in subsequent 
section 5). 
 
 
Fig. 7.  Contour plots of the gain in dB scale as a function of the (a) period, (b) air width, and (c) quasi-Fermi level versus 
the frequency of the incoming THz radiation. The graphene quasi-Fermi level is fixed to 50 meV in captions (a) and (b). The 
air width is fixed to W = 0.5 µm in caption (a). The period is fixed to P = 2.1 µm in caption (b). The parameters of the slow-
wave graphene HMM structure are fixed to P = 1.9 µm, W = 0.5 µm in caption (c).  
 
Note that tunable THz lasing can interestingly be achieved without changing the geometry of the proposed device 
and only by modulating the optical pump intensity applied to graphene. The calculated gain coefficient of the currently 
proposed THz device versus the frequency and quasi-Fermi level is reported in Fig. 7(c). The gain is found to be 
enhanced as the quasi-Fermi level is increased. As discussed in section 2, the conductivity of the pumped graphene 
has a strong dependence on its quasi-Fermi level, which determines the electron and hole concentrations. Thus, higher 
quasi-Fermi level values are translated to stronger population inversion (or lasing) considering that the relaxation time 
of intraband transitions is always faster than the recombination time of the electron-hole pairs along the pumped 
graphene monolayers [49]. This leads to more negative graphene conductivity values (larger gain) and is the main 
reason behind the computed higher gain obtained due to larger quasi-Fermi level values. In addition, the lasing 
operation frequency blueshifts as the quasi-Fermi level increases, which is also reported in Fig. 7(c), leading to tunable 
THz lasing. Lastly, it is interesting to note that the proposed lasing effect is temperature-dependent, similar to other 
THz lasing schemes [40]. The simulation and analytical studies in our work are always performed under a fixed 
temperature, equal to T = 77 K, because higher temperatures will lead to larger losses and lower gain values. The 
duration and strength of the presented graphene-based THz gain can be extended and improved, respectively, if AB-
stacked bilayer graphene [50, 51] is used instead of the current graphene monolayers, which was recently found that 
it can suppress nonradiative Auger carrier recombination rates due to its large electronic gap [52–54]. Note that the 
Auger recombination events pose the main limit to the THz gain duration and strength [49], [55], [56]. Finally, we 
would like to stress that even lasing with femtosecond duration obtained in THz frequencies can be interesting to 
several applications (for example, sensing). 
  
5. Sensing application based on the graphene-HMM structure 
Graphene is an ideal material for electrochemical sensing and biosensing since it has large surface-to-volume ratio, 
excellent electrical conductivity, high carrier mobility, and many other unique properties. As an example, graphene-
based highly sensitive chemical and biological sensors have been used to diagnose several diseases [57, 58]. The 
proposed graphene-HMM structure has great prospect to be used for ultrasensitive sensing applications. The 
envisioned sensor is composed of a patterned layered graphene-dielectric configuration (10 graphene layers), similar 
to the currently proposed active slow-wave HMM device, but now embedded in different dielectric materials located 
at the surrounding space. The schematic of the proposed sensor is presented in the inset of Fig. 8(a). Strong THz 
amplification and slow-light electromagnetic mode confinement can also be realized with this configuration, similar 
to the results presented in the previous sections. The gain response of such active structure is expected to be 
ultrasensitive to the surrounding medium. It is clearly demonstrated in Fig. 8(a) that the loading of different 
surrounding dielectric materials will lead to a substantial redshift in the THz resonant frequency of the lasing mode. 
The proposed device is expected to accurately sense various materials with different permittivity values by observing 
the shift in its resonant frequency. Moreover, we placed a very thin dielectric layer above the active structure to mimic 
a layer of biomolecules, as shown in the inset of Fig. 8(b). Here, the thickness of the dielectric layer is set to be 100 
nm. We find that there is a slight continuous shift to the lasing frequency when we change the relative dielectric 
constant of this thin layer from 1 to 4, as can be seen in Fig. 8(b). However, we would like to stress that the gap 
between the patterned graphene-based HMM waveguides is relative large (W = 0.5 µm) and it is not sure if the 
biomolecules will stay on top of the proposed structure or the scenario presented in Fig. 8(a) is more practical. In any 
case, there is going to be some shift in the resonance frequency of the proposed new sensor design independent of the 
molecules placement.  
 
Fig. 8. The lasing frequency as a function of the dielectric constant for the proposed active graphene-based HMM structure 
(a) embedded in different dielectric materials, and (b) covered with a very thin dielectric layer. Insets: The corresponding 
schematics of the proposed graphene-based HMM sensor.  
 6. Conclusions 
To conclude, a lasing graphene HMM device is proposed based on patterned photopumped graphene-dielectric 
multilayers. The device is both analytically and numerically investigated. Excellent agreement is found between the 
results produced by both modeling methods. It is presented that super scattering or coherent lasing emission can occur 
in the THz frequency range due to the proposed patterned graphene-based HMM device. In addition, the geometrical 
parameters and quasi-Fermi levels of the presented graphene HMM can strongly affect the THz lasing operation 
frequency. More interestingly, tunable THz amplification in a broad frequency range is achieved by controlling the 
optical pumping, without changing the proposed HMM structure dimensions and geometry. The presented device has 
an extremely subwavelength thickness, making it an ideal candidate to be used as a compact THz source in the 
envisioned THz on-chip integrated photonic circuits. Finally, we present an interesting THz sensing application based 
on the proposed active graphene-based HMM device, by demonstrating that the lasing frequency of such a structure 
is ultrasensitive to the dielectric constant values of different surrounding media. 
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